Transcriptional control of the low-temperature-inducible icdII gene, encoding the thermolabile isocitrate dehydrogenase of a psychrophilic bacterium, Vibrio sp. strain ABE-1, was found to be mediated in part by a transcriptional silencer locating at nucleotide positions ؊560 to ؊526 upstream from the transcription start site of icdII. Deletion of the silencer resulted in a 20-fold-increased level of expression of the gene at low temperature (15°C) but not at high temperature (37°C). In addition, a CCAAT sequence located 2 bases upstream of the ؊35 region was found to be essential for the low-temperature-inducible expression of the gene. By deletion of this sequence, low-temperature-dependent expression of the gene was completely abolished. The ability of the icdII promoter to control the expression of other genes was confirmed by using a fusion gene containing the icdII promoter region and the promoterless icdI open reading frame, which encodes the non-cold-inducible isocitrate dehydrogenase isozyme of Vibrio sp. strain ABE-1. Escherichia coli transformants harboring icdII acquired an ability to grow rapidly at low temperature.
The bacterial isocitrate dehydrogenase (IDH), which catalyzes the oxidative decarboxylation of isocitrate to ␣-ketoglutarate and CO 2 coupled with the reduction of NADP ϩ , plays an important role in the central metabolic pathway. Escherichia coli mutants defective in this enzyme have been shown to exhibit auxotrophy for glutamate (30) . There have been many reports on the purification and biochemical characterization of the enzyme from a wide range of bacterial sources (6, 7, 10, (20) (21) (22) . Most bacteria contain only one type of IDH, either a dimer composed of ca. 45-kDa subunits or a monomer of ca. 80 kDa (28) . Previously, we reported the coexistence of two types of IDH in Vibrio sp. strain ABE-1, a psychrophilic bacterium (15, 24) : a dimeric enzyme (IDH-I) with thermostability comparable to that of mesophiles and a monomeric enzyme (IDH-II) with extreme thermolability at above 25°C. Kinetic studies on the purified IDH isozymes suggested that the catalytic ability of IDH-II at low temperature is much higher than that of IDH-I (24) . In addition, the amino acid sequences of the isozymes differed substantially (16) , and the transcriptions of the cloned genes encoding the two IDH isozymes were confirmed to be differently regulated in E. coli (28) . The transcription of the gene icdI, encoding IDH-I, was induced by acetate, while that of the gene icdII, coding for IDH-II, was induced by low temperature. These results imply that acquisition of a low-temperature-inducible promoter and a cold-adapted enzyme such as IDH-II might be crucial to facilitate the adaptation of Vibrio sp. strain ABE-1 to low temperature. In ectothermic multicellular organisms, such as the sea anemone, the activities of some enzymes in the intermediary metabolism have been reported to increase during the acclimation to cold temperature (14, 28) , although the mechanism of the increase remains unknown.
Regarding bacterial adaptation to low temperature, recent findings of low-temperature-dependent expression of cold shock genes in mesophilic and psychrotrophic bacteria are of great interest (2, 18, 19) . A shift down of the cultural temperature to near the minimum limit for growth induces the transient synthesis of cold shock proteins (Csps). This response to cold has been extensively studied in a mesophilic bacterium, E. coli. CspA, the major cold shock protein of E. coli, has been demonstrated to act as a transcriptional activator for other cold shock genes, i.e., gyrA and hns (17, 19) . It has been also demonstrated that CspA can bind to a DNA probe containing the sequence CCAAT, which is located in the promoter regions of the cold shock genes (19) . However, little is known about the effects of temperature on gene expression of psychrophilic bacteria, which are permanently exposed to low temperature. In this paper, we describe the nucleotide sequences of cis-acting elements for the low-temperature-inducible promoter of icdII, encoding a thermolabile, monomeric type of IDH isozyme (IDH-II) of a psychrophilic bacterium, Vibrio sp. strain ABE-1. We show also that growth of E. coli cells at low temperature is improved by transformation with a plasmid carrying icdII.
MATERIALS AND METHODS

Materials.
All restriction endonucleases were obtained from Nippon Gene (Toyama, Japan), Toyobo (Osaka, Japan), or New England Biolabs, Inc. (Beverly, Mass.). AmpliTaq DNA polymerase was from Perkin-Elmer (Norwalk, Conn.). A Kilo-Sequence deletion kit, exonuclease III, and mung bean nuclease were purchased from Takara Shuzo (Kyoto, Japan). Poly(dI-dC) was obtained from Boehringer (Mannheim, Germany). [␥-
32 P]ATP and [␣-32 P]dCTP were purchased from ICN Biomedical Inc. (Irvine, Calif.). All other reagents were of analytical grade.
Bacterial strains, plasmids, and culture conditions. The psychrophilic bacterium Vibrio sp. strain ABE-1 was grown at 15°C as previously described (15) . The strains of E. coli and the plasmids used are shown in Table 1 . E. coli DEK2004, a mutant defective in icd (a gift from Peter Thorsness), or E. coli XL1-Blue (Stratagene) was used as a host for transformation by icd genes. The medium for FIG. 1. Deletion analysis of the upstream noncoding region of icdII of Vibrio sp. strain ABE-1. Each plasmid was constructed by successive deletion from the 5Ј end of pIS202 as described in Materials and Methods. The numbers indicate nucleotide positions from the transcriptional start site (ϩ1). E. coli DEK2002 was used as the host. Each transformant was cultured at the temperatures indicated and harvested for analyses of mRNA and enzymatic activity. The procedures for the analyses are described in Materials and Methods. Two and 10 g of Vibrio sp. strain ABE-1 (V. ABE-1) and the transformant RNAs, respectively, were used for detection of the icdII mRNA. A radiolabeled 828-bp PstI fragment (ϩ640 to ϩ1267) of icdII was used as a probe. the growth of this strain was Luria broth (LB) (27) or morpholinepropanesulfonic acid (MOPS)-based medium (23) , supplemented with 2% sodium succinate. For plate culture, the liquid medium was solidified with 1.5% (wt/vol) agar. E. coli XL1-Blue was used for propagation of plasmids. Media for this strain were supplemented with a trace amount of thiamine (about 10 to 100 nM). When necessary, media were supplemented with 50 g of ampicillin and/or 15 g of tetracycline per ml. Plasmids pIS102 and pIS202, which are pBluescript KS(ϩ) with insertions of icdI and icdII, respectively, were constructed as described previously (16) . Plasmid pSS512 was constructed by insertion of the 1.9-kbp EcoRI-HindIII fragment of pTK512 (a gift from Peter Thorsness) containing the E. coli icd gene into EcoRI-HindIII-digested pBluescript SK(ϩ). Plasmid pIS001, which is pBluescript KS(ϩ) carrying both the icdI and icdII genes, was constructed by inserting an XbaI-digested DNA fragment (6.3 kbp) of the genomic library of Vibrio sp. strain ABE-1. To investigate the ability of the low-temperature-inducible icdII promoter to control the expression of other genes, an icdII-icdI fusion plasmid, pTS601, in which expression of icdI could be regulated under the control of icdII promoter, was generated by PCR with standard techniques and the forward primer 5Ј-ATGACCAATAAAATCATCATTCCA ACGAC-3Ј (nucleotides ϩ40 to ϩ68 from the icdI transcriptional initiation site) and reverse primer 5Ј-TGAAATTCCTATTTTAATTAGCTAAAAGC-3Ј (complement to nucleotides ϩ96 to ϩ68 from the icdII transcriptional initiation site). DNA of pIS001 was used as the template for the reaction. To create pMS42C and pMSF8C, which lack the sequence CCAAT located 2 bases upstream from the Ϫ35 region of the icdII promoter, PCR was applied with the forward primer 5Ј-AATTTATAGGGTTTGGTAAGTTTTCTAACT-3Ј (nucleotides Ϫ37 to Ϫ8 from the icdII transcriptional start site), the reverse primer 5Ј-CCTACACAAT , CCAAT (Ϫ42 to Ϫ38), and 44-bp (ϩ44 to ϩ87) sequences, respectively. E. coli DEK2004 harboring each plasmid was cultured in LB medium at the temperatures indicated and harvested for mRNA and enzymatic analyses. The procedures for the analyses were the same as those described for Fig. 1 . The specific activities of IDH-II in a cell extract from the cells grown at 15°C are indicated on the right. (Lower panel) Northern blot analysis of icdII mRNA. Total RNA (10 g) extracted from each E. coli transformant cultured at the temperatures indicated was used for each lane. The radiolabeled probe used for detection of the icdII mRNA was the same as that described for Fig. 1 .
ATTTCTAAAAAACACTTAGA-3Ј (complement to nucleotides Ϫ43 to Ϫ72 from the icdII transcriptional start site), and pMS42 and pMSF8, respectively, as the templates. Similarly, PCR techniques were applied to create pMS42S and pMSF8S, which lack a stem-loop-like structure located at nucleotides ϩ44 to ϩ87 from the transcriptional start site of icdII, by using the forward primer 5Ј-GGAATTTCAATGAGCACTGATAACTCAAAA-3Ј (nucleotide positions ϩ88 to ϩ117 from the icdII transcriptional start site) and reverse primer 5Ј-C GACCCTCATGTTCGGTAATTGAACAAATC-3Ј (complement to the nucleotide sequence ϩ43 to ϩ14 from the icdII transcriptional start site). Overlapping deletions of the upstream noncoding region of the icdII promoter were produced by the method of Henikoff (13) with a Kilo Sequence Deletion Kit (Takara Shuzo) and pIS202. DNA was extracted from the bacterial cells and purified as described previously (16) . All DNA nucleotide sequences were determined by the cycle sequencing method by using -21M13 and M13 reverse dye-primer with an ABI 373 DNA sequencer (Applied Biosystems Inc., Foster City, Calif.). The sequences were analyzed and compared by using the Genetyx computer program (Software Development Co., Tokyo, Japan).
RNA isolation and Northern (RNA) blot analysis. Total RNAs from the bacterial cells were extracted and purified by a single-step RNA isolation method as described previously (5) . The extracted RNAs were separated on agarose gels (1.2%) containing 0.66 M formaldehyde, transferred onto nylon membranes, and then hybridized with appropriate radiolabeled DNA fragments as described previously (28) . After hybridization, the membranes were washed successively in SSC (1ϫ SSC is 150 mM NaCl plus 15 mM sodium citrate) containing 0.1% sodium dodecyl sulfate as follows: 2ϫ SSC at room temperature for 20 min, 1ϫ SSC at 65°C for 15 min, and 0.1ϫ SSC at 65°C for 20 min. Autoradiography was performed by exposing the membranes to X-ray film (Fuji RX medical X-ray film) for over 24 h at Ϫ80°C. The amount of mRNA that hybridized with each specific probe was quantified from the autoradiographs by densitometry.
Western blot analysis. The procedures for preparation of antibodies raised against the IDH isozymes were described previously (15) . The purified isozymes (0.2 g) and proteins (10 g) in cell extracts from E. coli mutants harboring each plasmid carrying an insertion of icdI or icdII were separated by sodium dodecyl sulfate-polyacrylamide (7.5%) gel electrophoresis, transferred onto nitrocellulose membranes, and subjected to Western blot analysis with the ECL Western blotting detection system (Amersham) and rabbit anti-IDH-I or -II antibody.
Primer extension analysis. We chemically synthesized the following 32-mer oligonucleotide as the primer for icdII: 5Ј-GCTTGAATAATGGGTAATAAA GAATACGTCGC-3Ј, complementary to the internal region from base ϩ185 to ϩ154 of icdII. The primer was 5Ј end labeled with [␥-
32 P]ATP and T4 polynucleotide kinase. Total RNA isolated from Vibrio sp. strain ABE-1 or E. coli transformants was hybridized with the labeled primer. The primer extension reaction (27) was done by using Rous-associated virus 2 reverse transcriptase (Takara Shuzo Co.), and products were analyzed by electrophoresis on a 6% polyacrylamide sequencing gel with a sequencing ladder generated as described previously (16) .
Enzyme assay. Sonic cell extract of the bacterial cells was obtained as described previously (15) . IDH activities were assayed spectrophotometrically at 40°C for IDH-I at or 20°C for IDH-II as described previously (21) . One unit of enzyme activity was defined as the amount capable of catalyzing the reduction of 1 mol of NADP ϩ per min. The protein concentration was determined by the method of Bradford (3).
Figures. All figures were produced by using Adobe Photoshop 4.0/IBMPC.
RESULTS
Effects of deletions of the upstream noncoding region on the low-temperature-dependent expression of icdII. Plasmid pIS202, which contains 4.2-kbp XbaI-SacI fragment of Vibrio sp. strain ABE-1 genomic DNA, is an icdII expression plasmid (16) . The upstream noncoding region of the icdII open reading frame (ORF) is 1,808 bp long. Sequencing revealed no ORF or unique sequence, such as that forming a stem-loop structure, absolute tandem repeat, or reverse repeat, in this upstream region. To examine whether a cis-acting element(s) for the low-temperature-dependent expression of icdII is present in this upstream noncoding region, we made a series of deletion mutations from the 5Ј end of the upstream noncoding region of the XbaI-SacI insert in pIS202 (Fig. 1) . Effects of the deletions on the low-temperature-inducible expression of icdII were examined by measuring the levels of the icdII mRNA and enzymatic activity in E. coli transformants harboring each construct grown at different temperatures (15, 25, and 37°C). As shown in Fig. 1A , the transformants harboring either pMS26 (177-base deletion) or pMS92 (602-base deletion) expressed almost the same level of icdII mRNA as those harboring the control plasmid (pIS202). However, the level of icdII mRNA was greatly increased when the transformants harboring pMS42 (1,188-base deletion) or pMS77 (1,573-base deletion) were cultured at temperatures of below 25°C but not when they were cultured at 37°C. The changes in the level of enzymatic activity of the icdII product (IDH-II) were found to coincide with those of the icdII mRNA (Fig. 1A) . These results indicate that a cis-acting element(s) which can repress the low-temperaturedependent expression of icdII is present in a region between FIG. 4 . Construction of plasmids pTS601 and pTS602, carrying an icdII-icdI fusion gene. Plasmid pTS601 was constructed by the PCR method with pIS001 as a template such that it contained the whole length of the upstream noncoding region of icdII fused with the icdI ORF. Nucleotide sequences of the primers used for PCR and the procedures used are described in Materials and Methods. Plasmid pTS602 was made by self-ligation of a 5.5-kbp SpeI fragment from pTS601.
VOL. 181, 1999 LOW-TEMPERATURE-INDUCIBLE GENE 2605
on November 9, 2017 by guest http://jb.asm.org/ nucleotide positions Ϫ1,111 and Ϫ525. In order to determine the sequence required for the repression of icdII expression at low temperature, more deletion mutants of this region were constructed. The expression level of the icdII mRNA was examined by using transformants harboring pMSF6 (1,034-base deletion), pMSF7 (1,104-base deletion), or pMSF8 (1,153-base deletion) and cultured at 15°C. As shown in Fig. 1B , none of these plasmids conferred derepression of the low-temperaturedependent gene expression on the transformants. These results indicate that the sequence of 35 bp located at nucleotide positions Ϫ560 to Ϫ526 (Fig. 2) has the function of repressing the low-temperature-dependent icdII expression. The sequence CCAAT, located in the vicinity of the promoter region, is required for the low-temperature-dependent expression of the icdII gene. Although the deletion of the 35-bp sequence, which acts as a transcriptional silencer, resulted in a 20-fold increase in the expression of the icdII gene at 15°C, low-temperature-dependent expression of the gene still occurred ( Fig. 1A ; compare the expression levels at 15 and 37°C). This result suggests that some element(s) other than the si- lencer is responsible for the low-temperature-dependent gene expression. Computer analysis of the noncoding region of nucleotide positions Ϫ525 to ϩ97 revealed that there are two unique sequences in the vicinity of the promoter region of icdII. One is CCAAT, located 2 bases upstream of the Ϫ35 region of icdII. This sequence has been suggested to be a common motif of low-temperature-inducible genes of E. coli (19, 25) . The other is a sequence of 44 bp which is located downstream of the promoter (positions ϩ44 to ϩ87). Judging from sequence analysis, the latter sequence seems to form a stem-loop structure. To investigate the possibility that these two sequences are responsible for regulating the expression of icdII at low temperature, we attempted to construct expression plasmids carrying icdII without either of the two sequences. For this purpose, PCR techniques were applied as described in Materials and Methods. The constructs pMSF8C and pMS42C are derivatives with CCAAT deleted from pMSF8 and pMS42, respectively. The difference between pMSF8C and pMS42C is that the former contains the 35-bp silencer sequence at the 5Ј end of the noncoding region of icdII but the latter does not (Fig. 3) . Similarly, pMSF8S and pMS42S are derivatives with the 44-bp sequence deleted from pMSF8 and pMS42, respectively. The regulatory role of the CCAAT or 44-bp sequence in the low-temperature dependent expression of icdII was investigated by measuring the levels of icdII mRNA in E. coli transformants harboring each plasmid cultured at different temperatures. The results are shown in Fig. 3 . The expression levels at 37°C were similar in all cells with a plasmid, and longer exposure to the film was required to detect the signals. This result indicates that the expression level of icdII mRNA at 37°C is low and that no upstream region of the gene specifically responds to this temperature. At culture temperatures of below 25°C, the transformants harboring pMSF8C expressed less icdII mRNA than those harboring the control plasmid (pMSF8). The effect of the deletion of the CCAAT sequence on the icdII expression at low temperature was much more obvious when plasmid pMS42C was used as the icdII expression vector (compare with the control, pMS42). In contrast, deletion of the 44-bp sequence had no effect on the expression of icdII at any temperature. The changes in the levels of mRNA were coincident with those in the levels of IDH-II specific activity in the cell extract prepared from the cells grown at 15°C. These results indicate clearly that the sequence CCAAT located 2 bases upstream of the promoter region plays an essential role in the low-temperature-dependent expression of icdII. Effects of temperature on icdI expression under the control of the icdII promoter. We previously demonstrated that icdI and icdII are located adjacent to each other on the chromosome of Vibrio sp. strain ABE-1; however, the expression of icdI is induced by acetate but not by low temperature (16, 28) . To elucidate whether the icdII promoter can control the expression of other genes, we constructed plasmids carrying the icdII promoter-icdI ORF fusion as described in Materials and Methods. These constructs are schematically shown in Fig. 4 . pTS601 contains the whole length of the upstream noncoding region of icdII. The 3Ј end of this region was connected with the icdI ORF in frame. In the plasmid pTS602, the icdI ORF was similarly connected with the upstream noncoding region with 1,190 bases deleted from the 5Ј end. As described above, this deletion resulted in an increase of the icdII expression level at low temperature. The expression of the fused genes was determined at the levels of mRNA, protein, and enzymatic activity in the transformants harboring pTS601 or pTS602 grown at different temperatures. As seen in Fig. 5 , the obtained data, including Western blot analysis (data not shown), indicate that the expression level of icdI was increased by decreasing the growth temperature. These results clearly indicate that the promoter of icdII is able to control the expression of other genes and that no region of the icdII ORF is responsible for low-temperature-inducible expression of icdII.
We next examined the effect of the sequence CCAAT, located at position Ϫ38 in the icdII promoter region, on the low-temperature-inducible expression of the fused gene, and we found that it too was required for the expression (data not shown). In addition, we examined whether the transcription initiation site of icdII in E. coli is the same as that in Vibrio sp. strain ABE-1 (16) . Total RNA isolated from E. coli DEK2004 cells harboring pIS202 was used for a primer extension reaction. A 5Ј transcript end generated from a site designated TS, which was the same transcription initiation site determined with RNA from Vibrio sp. strain ABE-1, was observed (Fig. 6) . As expected, the amount of this transcript was decreased with increasing culture temperature for the transformants. In addition to this transcript, we saw three or six starts upstream of TS at base Ϫ14 or Ϫ15 (TS1), Ϫ24 or Ϫ25 (TS2), and Ϫ33 or Ϫ34 FIG. 6 . Primer extension analysis. Products of primer extension with a primer complementary to icdII are shown. V. ABE-1, total RNA (40 g) isolated from Vibrio sp. strain ABE-1 cells grown at 15°C was used as the template. E. coli DEK2004 transformants harboring pIS202 were grown at the indicated temperatures, and total RNA (40 g) obtained from the transformants was used as the template for each analysis. pBluescript (pBS) was used as a vector control. A, T, G, and C, sequencing ladders of pIS202, using the same primer. Positions of the primer extension products are indicated with arrowheads, and ϩ1 on the sequence shown on the left is the transcription initiation site determined previously (16) .
(TS3). The bands of these transcripts often gave doublets. These results suggest that icdII can be transcribed from multiple sites in E. coli and that one of the sites is the same as in Vibrio sp. strain ABE-1.
Effects of icdII on the growth of E. coli at low temperature. The icdII gene product, IDH-II, is a thermolabile enzyme and shows higher catalytic efficiency at low temperature than the other isozyme, IDH-I (16, 24) . The presence of such an enzyme may be important for the growth of Vibrio sp. strain ABE-1 at low temperature. To evaluate the physiological role of IDH-II, we examined the growth of E. coli DEK2004 transformants harboring plasmid pIS202, pMSF8, or pMS42, which contain an icdII insert. Effects of the icdI gene on low-temperature growth of E. coli were also examined by using plasmids pTS601 and pTS602, which contain icdII-icdI fusion genes. Plasmid pSS512, which contains the E. coli icd gene, was used as a control. In addition, E. coli XL1-Blue, which contains its own icd gene, was used to compare the effects of transformation with various plasmids. The results are shown in Fig. 7 . At the optimum temperature (37°C) for the growth of E. coli, no difference in the growth rate of any transformant in LB medium was observed (Fig. 7B) . This result supports the observation that IDH-II is completely inactivated at this temperature (16, 24) . However, the transformants harboring different plasmids showed different growth rates at low temperature (15°C) in the same medium. The growth rate of the transformants harboring pSS512 was essentially the same as that obtained with the transformants harboring the vector control (Fig. 7B) . However, the rate was increased (in order) for the transformants harboring pSS512, pMSF8 or pIS202, and pMS42; the doubling times of the transformants harboring pSS512, pMSF8 or pIS202, and pMS42 were 11.3, 9.0, and 6.8 h, respectively (Fig. 7A) . On the other hand, transformation with pTS601 or pTS602 had little effect (Fig. 7B) , although the levels of IDH-I activity at 15 and at 37°C differed greatly (Fig. 7C) . To confirm that the observed differences in the growth rates were caused by different levels of IDH-II activity, we assayed the enzymatic activity in the cell extract prepared from each transformant grown at 15°C. The specific activity of the enzyme in the transformants harboring pMS42 was about 20-fold higher than that in the transformants harboring pMSF8 or pIS202 (Fig. 7C) . Since IDH is a key enzyme of the tricarboxylic acid cycle and E. coli mutants defective in this enzyme exhibit auxotrophy for glutamate, we examined whether IDH-II influences the growth rate of E. coli at low temperature on an agar plate of minimal medium containing succinate as the sole source of carbon and energy. In comparison with E. coli IDH, E. coli XL1-Blue containing the icd gene was transformed with pMSF8 or pMS42. Each transformant was streaked on the agar plate and incubated at 15 or 10°C. The results are shown in Fig. 8 . At 15°C, all transformants, including the cells harboring the vector control, formed visible colonies within 9 days. However, at 10°C, no transformants formed visible colonies even after 2 weeks. When the minimal medium was supplemented with 0.05% yeast extract, the transformants harboring the plasmid containing icdII formed visible colonies at 10°C. Furthermore, we examined the difference between the IDH-I and -II isozymes of Vibrio sp. strain ABE-1 by using E. coli DEK2004 as a host for transformation. At 10°C, the transformants harboring either of the plasmids containing icdII were able to grow well, while those harboring a plasmid containing icdI or E. coli icd grew only slightly (Fig. 8) . These results clearly confirm the previous observation that IDH-I is unable to enhance the growth rate of E. coli at low temperature, even though it is overproduced under the control of the icdII upstream region (Fig. 7) .
DISCUSSION
The present results indicate that the expression of low-temperature-inducible icdII, which codes for a thermolabile monomeric IDH isozyme of a psychrophilic bacterium, Vibrio sp. strain ABE-1 (16, 28) , is controlled by two different cis-acting elements in the upstream noncoding region. The cloned icdII has a stretch of upstream noncoding sequence of about 1,800 bp (Fig. 1A) . Serial deletions from the 5Ј end of the upstream noncoding region of the icdII gene revealed that one of the cis elements is located at positions Ϫ560 to Ϫ526 from the transcription initiation site. The deletion of this element (a 35-bp sequence) resulted in up to a 20-fold increase in the icdII mRNA level at low temperature (15 or 25°C) but not at high temperature (37°C) (Fig. 1) . These results indicate that this sequence acts as a negative element or transcriptional silencer at low temperature and that some other element(s) located downstream, at position Ϫ526, still functions to regulate the low-temperature-dependent expression of the gene. Interestingly, thermoregulation of transcription of the E. coli papI gene, which is expressed at high temperature (37°C, but not below 25°C), has been reported to be controlled through transcriptional silencing by the drdX product, a histone-like DNA binding protein (12) . The mutation in drdX resulted in derepressed expression of the papI gene. In our case, however, the deletion of the 35-bp cis-acting element resulted in incomplete derepression, because the expression level at 37°C was not altered. Although the effects of temperature on the expression of the papI and icdII genes are completely different, the mechanisms of the thermoregulation of expression of these bacterial genes may be similar. Analysis of the nucleotide sequence of this 35-bp cis-acting element did not reveal any homologous sequences in the databases. Nevertheless crude extracts prepared from E. coli or Vibrio sp. strain ABE-1 were found to contain a protein factor which can bind specifically to DNA fragments containing this element (data not shown).
A candidate for the second cis-acting element located downstream at position Ϫ526 is the CCAAT sequence 2 bases upstream of the Ϫ35 region. This sequence, in the proximal region of promoter, has been proposed as a common motif of E. coli cold shock genes (19, 25) . However, no direct evidence is available to show that this sequence is responsible for the low-temperature-dependent expression of the bacterial genes. Our plasmid constructs, which lack the CCAAT sequence at nucleotide position Ϫ38 of the icdII gene, lost completely the ability to respond to low temperature when the expression of icdII in E. coli transformants harboring each of the plasmids was examined (Fig. 3) . When the icdI gene, which is nonresponsive to low temperature, was expressed under the control of the upstream noncoding region of icdII, the effects of the deletions of the 35-bp or CCAAT sequence on the expression were essentially the same as those observed with the icdII gene. Thus, it is evident that these two sequences act as cis elements for the regulation of icdII gene expression. In addition, the results for the icdII-icdI fusion gene clearly indicate that the low-temperature-inducible promoter of icdII is strong enough to control the expression of other genes and that no region of the icdII ORF is responsible for the low-temperature-dependent expression. We propose that the 35-bp sequence located at nucleotide positions Ϫ560 to Ϫ526 controls the response to low temperature by silencing the gene expression, whereas the CCAAT sequence located at nucleotide positions Ϫ42 to Ϫ38 is essentially required for the low-temperature response. In E. coli, it was found that icdII was transcribed from multiple sites, including Tϩ1(TS) determined previously with RNA isolated from Vibrio sp. strain ABE-1 (16) . The reason for this is not known at present. The putative promoter motifs at positions Ϫ10 and Ϫ35 for icdII are TTTATA and AACTAT (16) and exhibit relatively low homology (37.3%) to the consensus sequence of the E. coli 60 recognition site (26) . Within the limits of Ϫ20 to Ϫ78 bases upstream of Tϩ1(TS), there are three promoter motifs with low homology (37.3 to 43.2%), which correspond to TS1, TS2, and TS3 (Fig. 6) .
60 of E. coli RNA polymerase might recognize these sequences. The detailed mechanism of the low-temperature-dependent expression of icdII gene still remains unclear; however, a similar mechanism may operate to control the gene expression in E. coli and Vibrio sp. strain ABE-1, because low-temperature-inducible expression of the icdII gene was observed in both bacteria (28) .
Recently, low-temperature induction of cspA, encoding the major cold shock protein of E. coli, has been reported to be the result of increased stabilization of cspA mRNA at low temperature, but not at the level of transcription (9) . Indeed, the promoter of cspA is not cold inducible (8) , and the 5Ј untranslated region of cspA mRNA is involved in the regulation of the transient synthesis of CspA during the bacterial acclimation to low temperature (8, 9, 11) . Generally, cold shock proteins are characterized as a group of proteins that are synthesized upon cold shock and disappear after adaptation to low temperature. However, icdII of Vibrio sp. strain ABE-1 is not categorized as a cold shock gene, because it is expressed constitutively at low temperature. This difference may be reflected in the nature of the promoters.
One of the aims of our study is to clarify the mechanisms underlying the bacterial adaptation to low temperature. Despite many biochemical reports on psychrophilic bacteria, the importance of a cold-adapted enzyme for growth at low temperature has yet to be demonstrated directly. IDH-II of Vibrio sp. strain ABE-1 is thermolabile and exhibits high catalytic efficiency at low temperature (24, 28) . It is interesting that E. coli, a mesophilic bacterium, acquired the ability to shorten its doubling time at low temperature on insertion of a plasmid carrying icdII, encoding IDH-II, whereas transformation with a plasmid carrying the homologous E. coli icd gene conferred no such ability to the bacteria ( Fig. 7 and 8 ). In addition, an E. coli icd mutant carrying a plasmid with another mesophilic bacterial icd gene, cloned from Azotobacter vinelandii, the product of which is a monomeric IDH and exhibits a high specific activity at 37°C (1, 7), failed to form a visible colony on a minimal medium agar plate at 10°C (our unpublished observation). The importance of IDH-II was further demonstrated by the observation that plasmid pTS602, which can overexpress IDH-I, has little effect on bacterial growth at low temperature ( Fig. 7 and  8 ). Over the course of evolution, Vibrio sp. strain ABE-1 acquired a set of cold-adapted enzymes and a low-temperatureinducible promoter. This acquisition might have facilitated bacterial adaptation to low temperature.
